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Abstract— In the framework of an ESA program, a new 
architecture for plug&play compact antenna systems in the X 
band has been investigated and experimentally verified by 
many prototypes. The proposed antenna system takes 
inspiration from the LEGO building toys: the basic component 
of the new architecture is a 2.7cm-cube complex module that 
integrates a three-dimensional local network and a 
programmable mechanism based on the bonding-wire 
technology to select one among three polarization options. 
Elemental blocks can be augmented by accessories to shape the 
beam and may be used in array configuration over boards 
provided with cluster-level beamforming networks. 
Measurements have been performed for both standalone 
configurations as well as when the devices are installed over a 
satellite mockup. The remarkable agreement with computer 
simulation demonstrates that the system performances may be 
fully controlled by assessed design procedures, even in the 
most complex configurations. 
 
Index Terms: plug and play Satellite; reconfigurable 
antennas; measurement and test. 
 
I.  INTRODUCTION  
Plug and play architectures, commonly adopted in 
personal computer, are going to be extended also to the 
more complex spacecraft systems, with interesting and 
promising advantages for low-cost small missions [1], 
thanks to cost and time benefits derived from the possibility 
to have qualified basic modules suitable to achieve, by 
proper accessories and clustering, a fan of different avionics 
services. 
In the last years, the growth interest of the European Space 
Agency on this new paradigm prompted the launch of two 
research programs concerning new antennas systems for 
micro and nano-satellites having S-band communication 
features [2] and, more recently, for larger spacecraft in the 
X-band [3].  
Plug and play architectures, where mechanical, electronics 
and radiofrequency modules are Space qualified once, and 
then used many times as interconnected building block, 
could potentially scale down the cost and time-impact of 
standard Space missions [4]. However, the modularization 
of the radiating devices is a challenging task because of the 
natural pervasivity of Electromagnetic interactions making 
the antenna response strongly dependent on the specific 
accommodation. Therefore some handy tuning mechanism 
needs to be included into the radiating module to achieve 
the required performance for each specific combination and 
placement of basic modules. 
 
 
Figure 1: The proposed MCAS architecture comprises a 
four-antennas radiating module with an internal 
programmable local beamforming network, additional 
flanges to moderately shape the pattern and boards 
allocating a global beamforming network to host arrays of 
radiators. 
 
This paper introduces a plug&play antenna system based on 
the LEGO-like architecture having accommodation-friendly 
capabilities in the X-band (7145-8500MHz). The system is 
denoted “Modular and Customizable Accommodation-
friendly antenna System for satellite avionics” (MCAS in 
the following) and is suited to different avionics services, 
comprising telemetry and tele-command, TM/TC (low gain, 
full-sphere coverage), data-link (medium data rate, orbit 
dependent coverage), tracking, inter and intra-orbit links. 
Starting with the introduction of the architecture and of the 
building blocks, the paper describes the fabrication and 
experimental evaluation of the HW components in both 
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standalone and embedded configurations over a satellite 
mock-up resembling Proba-V spacecraft. 
II. ARCHITECTURE AND SYSTEM ELEMENTS 
The proposed antenna system is an open architecture [3], 
able to handle a multiplicity of identical radiating elements 
with moderate mechanical reconfigurability.  The system is 
inspired to the multi-level structures of LEGO building toys 
where there are Bricks of various size provided with a 
common mechanical interface and eventually including, in 
the most sophisticated versions, some electro-mechanic 
capabilities (see LEGO Mindstorm); then there are the 
Boards to assemble the bricks in a creative way and, finally, 
Adapters and Accessories to achieve specific mechanical 
functions.    
In the MCAS architecture (Fig.1), the role of LEGO 
bricks is played by simple radiating elements (Transmitting 
Capsule, T-cap) provided with an internal configurability 
mechanism. The Board provides one or multiple sockets 
where the T-cap are plugged in standalone or cluster 
configurations to produce the required radiation pattern. 
Beamforming and impedance retuning are achieved by a 
two-level network, the first one (element level) embedded 
into the T-cap to provide broadband circular/linear 
polarization and impedance modification, and a second 
network (cluster level) placed inside the board to form the 
required pattern. Finally, Beam Modifiers, such as choke 
rings or flanges, mimic LEGO adapters with the purpose to 
moderately shape the radiation pattern and achieve omni-
directional or isoflux radiation. 
The basic radiating brick is an arrangement of four multi-
folded patch (MFP), capacitively excited by a mushroom-
like pin (Fig.2).  This kind of arrangement has been 
preferred over a more conventional square or a circular 
patch antenna since it radiates a much more omnidirectional 
pattern, as required to fulfil TM/TCC coverage 
requirements. Moreover, this solution will provide a better 
mechanical stability and even many options for polarization 
control. Finally the uni-body stacked geometry is suitable to 
mass production and the capacitive excitation by coated 
mushroom-like pins permits to achieve a 30% bandwidth. 
 
Figure 2: Vertical cross-section of a multi-folded patch 
(MFP) forming the four radiating elements of the T-Cap. 
Bandwidth enhanchement is achieved by using a stacked 
configuration and a capacitive coated mushroom-like pins.  
The element-level phasing network is embedded into the T-
cap module according to a 3D layout accommodated onto 
the walls of a closed metallic box (Fig.3). The network 
comprises an input branch line to select right or left circular 
polarization and two rat-races to generate the required phase 
distribution with good matching. At the purpose of re-
configurability, the network is segmented in several parts 
that are interconnected through a matrix of bonding wires.  
Both circular (LH and RH) and linear polarizations can be 
hence programmed once by selectively removing bonding 
wires according to Tab.I. 
 
Table.I: Bond wires Programming Table 
 BW1 BW2 BW3 BW4 BW5 
RHCP  X X  X 
LHCP X   X X 
LP   X X  
 
An example of radiation patterns produced by the standalone 
T-cap in the circular- and linear-polarization modes is given 
in Fig.4. The radiation gain is always higher that -5dBi in the 
whole half-sphere. 
Two possible arrangements for data-fixed beam (2x2 cluster) 
and medium gain coverage (3x3 cluster) are shown in Fig.5 
together with their global beamforming networks (sequential 
phase rotation and uniform layouts, respectively) placed 




Figure 3: Explosed view of the three-dimensional local 
network inside the T-cap: BWn marks programming bond 
wires. 
  
Finally, Fig. 6 describe another possible application of the 
2x2 cluster in receiving mode where the global beamforming 
network has been designed at the purpose of synthesising a 
sum and difference pattern for monopulse applications. In 
this way the MCAS system could be also used to estimate 
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the angular position of other small satellites or of the mother 
spacecraft in swarm configurations. 
 
b) 
Figure 4: Examples of circular and linear polarization 
patterns for the T-cap abtained by application of the bond 
wire programming table (Tab.I). 
 
 
Figure 5: Two possible cluster arrangements of 2x2 and 
3x3 T-caps with sequential phase rotation and uniform 
beamforming networks, respectively. ‘Ideal’ means that 
diagrams have been obtained by summation of stadalone 
patterns of the four T-caps, neglecting the mutual coupling, 
while ‘true’ conversely refer to the real case including all 
the electromagnetic interactions. 
III. PROTOTYPE 
Because of the small size of the devices and their intrinsic 
three-dimensional complexity, the manufacturing has 
deserved many care in integrating the various sub-
components. The elemental MFP forming the radiating 
section of the T-cap (Fig.7) has been fabricated as a uni-
body object derived from a solid 1cm x 1cm x 0.5cm block 
of aluminum by means of WEDM (Wire Electric Discharge 
Machine), which allows for tolerances in the order of  
±0.02mm. 
The body of the T-Cap is an aluminium empty box: three 
contiguous walls, forming an inverted “U” are carved from 
a unique metallic box, while the remaining complementary 
side walls are fastened to the uni-body “U” by screws.  
The metallic body acts as a housing for the local BFN that 
is integrated over internal facets by means of conductive 
epoxy resins (Epotek H20E). The substrate for the PCB is 
Neltec NX9300. 
 
Figure 6: Schetch of local beamforming network for the 
2x2 cluster suitable to achieve sum and difference patterns 
for direction finding applications. Gain patterns are 
obtained by means of numerical simulations at 8.4GHz. 
 
Since in X band the quality of the electrical continuity of 
the ground plane and the network stripes can sensibly affect 
the whole performance of the structure, particular attention 
has been devoted to the right angle transition of the box: 
PBC faces have been wedged in by properly chamfering the 
edges and copper foils have been used to wrap the angle 
such to guarantee the electrical connection between the 
metallic surfaces.    
Golden Bonding wires have size: 25µm width, 500µm 
length and 100 µm step. They have been placed by using a 
dedicated microscope-assisted soldering machine. 
The four MFPs radiators are fastened to the top square 
ground plane, close to edges by means of metallic screws. 
The distance between the upper and lower plates of the 
MFPs is enforced by using a dielectric spacer wrapping the 
capacitive pin. 
Since the T-CAP’s main 2.7cmx2.7cm body is potentially a 
resonant cavity in the X band, a conductive thin rod has 
been introduced inside the cube, to connect opposite 
removable walls with the purpose to short-circuit the 
resonant mode excited by the power leakage from the 
internal microstrip network.  
The resulting device weight is just 53gr. 
Three different prototypes have been fabricated: i) Simple 
T-cap; ii) T-cap with chocked top to reduce the back 
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radiation; iii) T-cap with circular flange to obtain a radiation 
pattern suitable to isoflux coverages. 
To simplify the test procedures involving a so small device, 
the probing SMA connector was placed in the center of the 
bottom face even if this could modify the measured 
impedance compared to the theoretical ones.  
 
 
Figure 7: a) T-cap prototype with a side wall removed; b) 
and c) microscope view of the bond wires interconnections. 
IV. TEST PLAN 
The prototypes have been tested in both: standalone 
configuration as well as embedded into a satellite-like 
model (Fig.8). For the latter case, the system performance 
has been evaluated for a mock-up resembling Proba-V 
satellite. The testing campaign has been carried out at 
element level by SATIMO SL18, while the test of the 
embedded configurations has been performed by SATIMO 
SG64 measurement facility. Each configuration has been 
characterized in term of S-parameters and radiation pattern 
and compared with electromagnetic simulations by IDS-
ADF-EMS. Some selected results are reported in the next 
Section. 
V. RESULTS 
a) Standalone T-Caps 
Fig.10 shows the reflection coefficient of the corrugated 
standalone T-Cap which is lower than -15dB in most part of 
the 7-9GHz band while instead it is comprised between -
15dB and -10dB in the 7-7.5GHz due to the disturbing 
effect of the measurement SMA connector. The radiation 
pattern at 7.21GHz (measurement and simulations) is quite 
omnidirectional, being greater than -3dB in almost the 
entire half space. The ratio between co-polar (RH) and 
cross-polar (LH) components is almost 20dB, resulting in 
an axial ratio lower than 3dB for an angle of about 100°. 
The radiation efficiency is greater than – in the whole 
7-9GHz band. 
Some cuts of the pattern produced by the flanged T-Cap are 
finally visible in Fig.12 that shows how the diffraction of 
the additional circular disk can be engineered in order to 
match a typical iso-flux mask for . 
 
Figure 8: Experimental Proba-V mockup with the 




Figure 9: Standalone corrugated T-CAP. From top to 
bottom: Reflection coefficient, radiation pattern at phi=0 in 
RHCP mode @7.21GHz and radiation efficiency. 
 
B) T-caps embedded into Satellite Mockup 
Next experiments consider the corrugated T-Cap placed 
over the edges or wedges of the satellite mockup. The 
radiation patters is now expected to be substantially 
distorted by the electromagnetic interaction with the 
satellite body itself. For example, Fig.11 and 12 show the 
measured gain patterns over  plane in case of two 
radiating T-Caps placed at opposite edges or wedges 
radiating a same or complementary circular polarization. In 
the first case (RHCP+RHCP) the gain is higher than -5dBi 
|θ |< 65°
φ = 0°
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in most part of the diagram excluding some narrow nulls 
around . The configuration with opposite 
polarizations (RHCP+LHCP) provides instead a cumulative 
gain larger than -5dBi in the whole diagram and can be 
hence considered a preferred arrangement. 
 
Figure 10: Flanged T-CAP. Up) Measured gain pattern 
@8200MHz and down) comparison of different cuts with a 
typical iso-flux min/max mask for 0<theta<65°. 
VI. CONCLUSIONS 
The potentiality of the accommodation friendliness of the 
MCAS antenna system has been fully experimentally 
verified by means of a rich measurement campaign over 
manufactured prototypes. 
The results of experiments are in full agreement with 
computer simulations thus demonstrating the possibility of a 
complete control over the system performance by 
electromagnetic simulation even in the most complex 
configurations.  
The explored and demonstrated antenna concept combines 
an high degree of miniaturization with extreme flexibility in 
its use. Avionics antenna subsystems based on this idea 
could be easily customized to different missions using a 
limited set of standardized elements, offering the best 
combination between performance optimization and use of 
customer-off-the-shelf components. 
Future investigation could consider the mitigation of the 
back radiation in order to minimize the risk for interaction 
with a spacecraft structure, the improvement of the radiation 
efficiency by a better control over manufacturing and a 
possible rescaling of the element to the Ku-band, pending 
manufacturing tolerances and the structural behaviour. 
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Figure 11: T-CAP over Proba-V mock-up. Copolar gain 
pattern on the whole sphere @8450MHz, scale [-31 , 9]dBi. 
top) measurements; bottom) simulations. Reference 




Figure 12: couplets of T-CAPs over Proba-V mock-up. 
Radiation gains for a combined use of opposite T-caps over 
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